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Abstract. Mean age and the age spectrum, transport diagnostics independent
of photochemistry, have been put to good use diagnosing stratospheric circulation
and evaluating models. These diagnostics reveal how long air took to reach a
stratospheric location from the troposphere, but they provide no direct information
about where the air traveled en route. I define a complement to the age spectrum
to explore how stratospheric transport timescales are related to path histories. Just
as one constructs the age spectrum by distributing components of an air parcel
according to transit time since last tropospheric contact, one can distribute the
components according to the maximum height achieved en route to the parcel.
Combining the age spectrum and the “maximum path height” distribution, one
has a “joint distribution” of transit time and maximum path height. These ideas
are illustrated with an idealized model of stratospheric transport, as well as a
general circulation model. Transport features in the idealized model that strongly
affect mean age affect the distribution of maximum path heights relatively weakly,
especially in midlatitudes. The mass fraction of an air parcel at r that passed above

some specified height z above r is strongly constrained by the mass continuity
of stratospheric regions and is only more weakly affected by the circulation.
This represents a limit on the relationship between mean age and trace gases of

predominantly upper stratospheric photochemistry.

1. Introduction

The mean age is a diagnostic of stratospheric trans-
port independent of photochemistry. It represents the
mean over the distribution of transit times (the age
spectrum) since a stratospheric air parcel has last been
in the troposphere and may be inferred from an inert
tracer whose atmospheric abundance is increasing lin-
early [Hell and Plumb, 1994]. CO, and SFg are trace
gases that approximately satisfy these conditions, and
in recent years, measurements made from aircraft and
balloons of these and other gases have been used to infer
mean age [Schmidt and Khedim, 1991; Boering et al.,
1996; Elkins et al., 1996; Harnisch et al., 1996; Patra
et al., 1997], as well as the age spectrum [Andrews
et al., 1999; Johnson et al., 1999]. Mean age observa-
tions have in turn been used to evaluate transport in
stratospheric models [Waugh et al., 1997; Hall et al.,
1999]. Many models have been found to significantly
underestimate mean age [Hall et al., 1999].

Although mean age is a powerful transport diagnos-
tic, a limiting feature is that it provides no direct in-
formation on where air has been, only on how long it
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took to get there. One could imagine an irreducible
fluid element (“particle”) with a particular transit time
having resided exclusively in the lower stratosphere or
having traversed the upper stratosphere before reaching
an air parcel under observation. (Throughout, “par-
ticle” refers to an indivisible and unobservable entity,
while a “parcel” is the observable entity composed of
many particles.) Although these scenarios are indistin-
guishable for mean age, they have very different con-
sequences for the parcel’s abundance of the many pho-
tochemically active species whose loss and production
rates vary strongly with height [see Schoeberl et al.,
2000, Figure 1]. Hall et al. [1999] showed that in the
lower stratosphere across a large range of models mean
age was correlated with the simulated distributions of
photochemically active trace gases such as total organic
chlorine (Cly), total reactive nitrogen (NOy ), and N7O,
indicating that inaccuracies in mode] transport were re-
sponsible for much of the wide range in simulated lower
stratospheric distributions of these gases. However, al-
though correlation was high in the lower stratosphere, it
degraded with altitude. In addition, several models that
significantly underestimated mean age had more realis-
tic distributions of NyO. Generally, the simulations of
Cly, NOy, and N,O, considered over the whole strato-
sphere, varied less among models than mean age. Sim-
ilarly, Li and Waugh {1999] explored the sensitivity of
mean age and stratospheric long-lived trace gas distri-
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butions to transport rates in a two-dimensional (2-D)
model and found significant but imperfect correlation
between the gas distributions and the mean age across
their set of numerical experiments. To understand bet-
ter the implications of a model’s underestimate of mean
age and to establish the relationship between the mean
age and the mixing ratios of photochemically active
trace gases, one would like to have information on the
path histories of the components of an air parcel, and
how these histories relate to the mean age. Such in-
formation would help modelers judge how hard they
should work to improve the realism of their mean age
simulations.

In this paper I explore one technique to summarnize
path history information. Just as the age spectrum is
the distribution of transit times since last tropospheric
contact, one can consider the distribution of maximum
heights achieved en route from the last tropospheric
contact, or more generally, a joint distribution of transit
times and maximum path heights. These distributions
are defined in section 2 and illustrated in section 3 with
a hierarchy of idealized stratospheric models and with
a 3-D numerical model. 1 explore the relationship be-
tween the maximum path height distribution and the
mean age in section 4, finding surprising insensitivity
of the maximum path height distribution to transport
rates that strongly affect mean age. I conclude in sec-
tion 5, discussing the application of these ideas to un-
derstanding the relationship between photochemically
active trace gas concentrations and mean age.

2. Maximum Path Height Distribution

To construct the age spectrum conceptually, one dis-
tributes the particles which comprise an air parcel ac-
cording to their transit times since the last contact
with the troposphere. In principle, the particles can be
distributed by a different variable, or additional vari-
ables. Perhaps most relevant to photochemically active
gases would be some measure of ultraviolet exposure
integrated along a particle path, but this would ne-
cessitate assumptions about photochemical rates and
overhead abundance of other gases. Since many trace
gases have photochemical rates that vary rapidly with
height, a natural pure transport variable is the maxi-
mum height achieved by particles en route to the ob-
servation point from the troposphere. The “maximum
path height” (MPH) distribution Z(x,t|z) is defined as
follows: for a parcel at position r at time ¢, Z(r,t|z)dz
is the mass fraction of the parcel that reached a max-
imum height between z and z + 6z since last tropo-
sphere contact. Note that Z = 0 for z < z,, where
2z, = r -z is the height of the parcel. By construc-
tion, [ dz'Z(r,t|2') = 1. Similar statistical formula-
tions have been used elsewhere, for example, to describe
the penetration of radiation in biological media [Spar-
ling and Weiss, 1993]. The MPH distribution and age
spectrum also depend on the location and extent of the
boundary region, a dependence that has been explored
for the age spectrum by Holzer and Hall [2000]. In this
paper, however, I always consider the boundary region
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to be the whole troposphere and suppress the boundary
dependence in the notation for simplicity.

The diagnostic Z distributes the particles according
to maximum path height, independent of the transit
time. By contrast, the age spectrum G distributes
the particles according to transit time, independent
of the maximum path height. The two distributions
may be combined by considering a distribution of max-
imum path heights conditioned on a particular tran-
sit time & or, identically, by considering the distribu-
tion of transit times conditioned on a particular maxi-
mum path height. One has the maximum path height
transit time distribution or, simply, the “joint distri-
bution” P(r,t|z,&) such that P6z6¢ is the mass frac-
tion of the parcel at r and ¢ that was last in the tro-
posphere a time £ to & + 8¢ ago and reached maxi-
mum height z to z + éz en route. By construction,
f:ro dz fooc déP = 1. The age spectrum is recovered as
G(r,tj¢) = f:ro dzP(r,1|z,&), and the MPH distribution
as Z(r,t|z) = [~ dEP(r,1]z,£).

In practice, to obtain Z(r,t[z) in a model, one first
computes the cumulative distribution [ Z(r,t|z)dz’,
the mass fraction of the parcel at r that has not been
above z since last tropospheric contact. A tracer is
defined with a tropospheric mixing ratio boundary con-
dition (BC) of ¢(0) = 1 (Z = 0 at the tropopause)
and an upper BC ¢(z) = 0. In steady (or cyclosta-
tionary) state at a point r below z, ¢(r,?) represents
the fraction of the parcel at time ¢ that has not been
above z since last tropospheric contact. Redefining the
tracer with an upper BC at z + 8z gives the fraction
that has not been above z + 6z, and the difference is
Z(r,t|z)b6z, the fraction that reached between z and
z + 6z. If ¢ is known analytically, than Z = dg/dz.
For a numerical model, separate tracers are defined and
run to steady (or cyclostationary) state, each tracer
having a umt tropospheric BC and a zero upper BC,
and each corresponding to a successively increased up-
per BC level (e.g., increased by one model grid level).
Then Z(r,t|z) = (g(r,t]z + Az) — q(r,t]2))/ Az, where
Az 1s the model vertical grid spacing. The recipe for the
joint distribution P is similar, except that one computes
the transient response ¢(r,t,t') to the time-dependent
BC 6(t — '), where § is the Dirac delta function. The
differentiation with respect to the upper BC is now per-
formed at each time step and considered as a function of
elapsed time £ — ¢ — ¢/, thereby resulting in a function
P(r,t)z,€) of transit time £ (elapsed time) and max-
imum path height z (upper boundary height) for the
parcel at r and . P and Z are also functions of the
parcel position r and time ¢. The ¢ dependence occurs
because transport is, in general, not stationary. For the
idealized case of stationary transport, all diagnostics
are independent of ¢, depending only on elapsed time &.
Note that for the upper BC at z = oo, P reduces to the
age spectrum.

3. Illustrations

In this section I illustrate the distributions defined
above with an idealized model of the stratosphere, the
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“tropical leaky pipe” (TLP) model. Transport features
are added to the TLP model (advection, midlatitude-
tropical mixing, and diffusion) one at a time to observe
their impacts on the MPH and joint distributions. Sub-
sequently, I compute the distributions in a 3-D numer-
ical model of the stratosphere.

3.1. Tropical Leaky Pipe Model

The TLP model was defined and motivated by Plumb
[1996] and Neu and Plumb [1999], its mean age distribu-
tion solved and analyzed by Neu and Plumb {1999], and
its residence time computed by Hall and Waugh [2000].
Under certain limits the model permits analytic solu-
tions for tracer distributions, useful for exploring the
relationship between tracer diagnostics and transport
rates. In general, the TLP model consists of three cou-
pled 1-D diffusive-advective regions: a “tropical” region
with upward advection and two “midlatitude” regions
(south and north) with downward advection. Continu-
ity and the tropical mass divergence cause a net tropical
to midlatitude flux with a rate constant A proportional
to the divergence (see Neu and Plumb [1999]). In ad-
dition, two-way mixing occurs by allowing mixing ratio
differences between the tropics and the midlatitudes to
relax with a timescale 7. These features summarize
the large-scale, time-averaged transport effects of the
stratospheric circulation. Hall and Waugh [2000] have
shown that the TLP model can reproduce tracer distri-
bution features seen in numerical 2-D and 3-D simula-
tions of stratospheric point sources. The model’s free
parameters have been indirectly inferred from a num-
ber of observational studies [Grant et al., 1996; Min-
schwaner et al., 1996; Volk et al., 1996; Sparling et al.,
1997; Hall and Waugh, 1997b; Mote et al., 1998].

The TLP equations for a tracer of mixing ratio ¢ are

9qr 9qr . zm 9 —zmd4r
417 w22l ( — T
o T 9z Kre®" 52" 57)
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The vertical coordinate Z is “equivalent height” [Plumb,
1996; Neu and Plumb, 1999], with Z = 0 representing
the tropopause in both tropical and midlatitude regions.
See Neu and Plumb [1999] and Hall and Waugh [2000]
for the impact of a tropical tropopause elevated with
respect to midlatitudes. In equations (1) and (2) the
subscripts 7' and M indicate the tropical region and
midlatitude region, W is the tropical vertical velocity,
K is the vertical diffusivity in equivalent height coor-
dinates, and o = M7 /(2Mys) is the ratio of total air
mass in the tropical column to the total air mass in the
midlatitude columns (@ = 0.5 corresponds to tropical
edges at &~ +20°). Air mass density is assumed to de-
cay as e~ % /H with a uniform scale height H. Compared
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to Neu and Plumb [1999] and Hall and Waugh [2000],
the northern and southern midlatitude equations are
here combined into one, equation (2), as I will only con-
sider hemispherically symmetric coefficients and bound-
ary conditions.

The timescale 7 summarizes the mixing between re-
gions. I will often employ an alternative measure,
€ = af(7A), to represent the tropical-midlatitude cou-
pling. As defined by Neu and Plumb [1999], € is the
ratio of gross “detrainment” (midlatitude-tropical flux)
to net “entrainment” (tropical-midlatitude flux). The
net entrainment is constrained by continuity, but the
detrainment is free to vary. For the “tropical pipe” or
nondetraining (no mixing), limit ¢ = 0, while in the
“global diffuser” (instantaneous mixing) limit, € = oo.
If W is uniform, then ¢ = H/(Wr). In section 4 some
effects of spatial variation in W are discussed.

3.2. Advection, No Detrainment, No Diffusion

In the simplest and least realistic case there is no mix-
ing between the midlatitudes and tropics. This is the
“tropical pipe” limit of Plumb [1996] in which the tropi-
cal continuity equation decouples from midlatitudes. If,
in addition, one assumes no vertical diffusion (K = 0)
and uniform vertical velocity (A = aW/H), then one
finds for the age spectrum

Gr(2,8) =6(6 - Z/W), (3)

Gu(Z,€) = oy e HE=2IW) 0(¢ — /W), (4

where a; = a/(1 + ) and © is the Heaviside func-
tion (©(¢) = 1 for & > 0 and zero otherwise). The
tropical age spectrum is simply a delta function lagged
by the advection time Z/W, as there is no mixing of
older extratropical air into the tropics. The midlati-
tude age spectrum is composed of a range of transit
times, as a midlatitude parcel is made up of air that is
transported from the tropics to extratropics at different
heights, then homogenized instantaneously in the TLP
surf zone. This is illustrated schematically in Figure 1 .
Note that no air can arrive in midlatitudes before Z/W,
the time required to first travel up to Z in the tropics.
The joint distribution is

Pr(2,2',€) = §(6 - 2/W)(Z' - Z), (5)

Pm(Z,2',€) = %e—aa-%(&—Z/W) o(Z' - 2)

One can obtain Z by integrating P over all transit times
¢ to find

X

ZT(ZaZ/):(s(Z/_Z)> (7



22,814

(a)
MIDLATS

(b)

TROPICS YA

§(2)< §(1) é

Figure 1. (a) Schematic of trajectories in the non-
detraining limit. (b) Singular one-to-one relationship
between transit time and maximum path height.

Zy(2,2") = %e-“'—?’)/"e(z' -Z). (8
These solutions summarize the simple situation shown
schematically in Figure 1. The tropical age spectrum is
a delta function, as discussed above. The tropical MPH
distribution is also a delta function. The only tropical
transport mechanism is pure upward advection, so no
air at Z has passed higher than Z itself. The mid-
latitude Gpr and Zjps are distributed according to the
range of “up and over” paths arriving at Z in midlati-
tudes (Figure 1). The exponential decrease in air mass
with height causes the contributions to decrease expo-
nentially with maximum path height achieved.

The joint distribution reveals the one-to-one relation-
ship between maximum height Z’ and transit time &
that occurs when there is no mixing between the trop-
ics and the midlatitudes. According to (6) each transit
time corresponds to a single maximum height as

z' (Z'-2)

E=wt (9)
This is simply the time required to advect up to Z’
in the tropics at rate W and back down to Z in mid-
latitudes at rate aW. The joint distribution’s singular
line in the &-Z’ plane decays in amplitude (area un-
der the delta function) with higher Z’ and longer £ due
to the air density exponential decay with height. As
there is a one-to-one relationship between Z’ and ¢ in
the nondetraining limit, the age spectrum also decays
exponentially with £. Changing W simply changes the
slope and intercept of the singular line.

3.3. Advection, Detrainment, No Diffusion

Mixing from midlatitudes to the tropics causes recir-
culation. Particles can cross back and forth between
regions before arriving at the parcel under observation.
This is shown schematically in Figure 2a , and the effect
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on the joint distribution is shown in Figure 2b. With
recirculation it is possible for two paths to achieve the
same maximum path height but have different transit
times (or the same transit time but different maximum
path heights), so that the singular line in the §-Z’ plane
for the nondetraining limit now becomes a 2-D distri-
bution. As will be demonstrated below, this 2-D dis-
tribution consists of a singular line positioned as in the
nondetraining case and a distributed component falling
exclusively below the singular line. For a particular
transit time the highest height achieved is by a direct
(nonrecirculated) path. Recirculation always results in
lower maximum heights.

The analytic solution for the advective-detraining age
spectrum is presented in Appendix A, and examples for
different rates of mixing between the midlatitudes and
the tropics are shown in Figure 3 . The age spectrum
in the tropics contains a lagged delta function as in the
nondetraining limit. However, comparison of equations
(3) and (A1) reveals that now the delta function magni-
tude is diminished exponentially with Z, as a progres-
sively smaller fraction of tropical air has come directly
from the tropical tropopause compared to air that has
been mixed into the tropics from midlatitudes. This
diminished pure advective contribution is compensated
by a spectral “tail” due to the older midlatitude air.
The age spectrum in midlatitudes has a step function
at £ = Z/W, as in the nondetraining limit. However,
the tail region is elongated. At high rates of mixing the
tropical spectral tail becomes a broad, secondary spec-
tral peak (Figure 3a at Z = 3H), and the peak of the
midlatitude spectrum moves away from the advective
time Z/W (Figure 3a at Z = 2H and 3H and Figure
3bat Z = 3H). The singularity in G and discontinuity
in Gy may at first seem perverse, given that 2-D and
3-D numerical models show nothing of the sort [Hall
and Waugh, 1997a]. However, as will be seen below,
small amounts of diffusion are sufficient to suppress the

(a)
MIDLATS

M}
‘ mafl

‘2(2)

(b)

TROPICS Z...

ma s = - -

&(2) &(1 )l

;;(2)= &(1)

Figure 2. As in Figure 1 but now with detrainment,
which allows for recirculation.
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Figure 3. Tropical (solid) and midlatitude (dashed) age spectra for the nondiffusive detraining
case with W = 0.3 mm/s and a = 0.5: (a) 7 = 0.5 year, (b) 7 = 1 year, and (¢) 7 = 2 years.
In each column the three panels correspond to Z = H, 2H, and 3H, as labeled. The horizontal

axes are transit time in years, and the vertical axes are spectral density in years™?!.

singularity and discontinuity, even while the “tail” of
the spectrum remains dominated by the recirculation.
Age spectra alone do not provide information on
where the recirculated air has been. However, the joint
distribution provides a way to distinguish the different
paths that have identical transit times. 1 was not able to
obtain P analytically in the detraining case (the Laplace
transform of the solution is readily obtained, but I was
not able to perform the inversions), but direct numer-
ical integration of (1) and (2) is possible. Examples
are shown in Figure 4 for the midlatitude lower strato-
sphere and for several values of 7. The corresponding
age spectra and MPH distributions are plotted below
and to the right of each P, and the mean age and “mean
maximum path height” (see section 4) are indicated by
dashed lines. As 7 is increased, P approaches the sin-
gular distribution of (6), in which each transit time cor-
responds to a unique maximum height. For finite 7 the
singular line is still present (but kept finite in Figure 4
by the limitations of numerical integration), represent-
ing the direct advective (nonrecirculated) “up and over”
path, which 1s the maximum path height available for a

1

given £. Now, however, for each £, recirculation causes
a broad distribution of lower maximum path heights,
compensating the amplitude of the singular line, which
is reduced compared to the nondetraining limit. Note
that for a given transit time, midlatitude-tropical mix-
ing causes recirculation that resuits in maximum path
heights always lower than they would be otherwise.

Although I have not obtained P analytically, the
MPH distribution can be obtained directly from (1) and
(2) according to the recipe of section 2, yielding

1 oy (215 —1)
Zr(2,2") = Ze ef/H_L 7 r—
T( ) H6+€ (eZI/H _ €+)2 G(Z Z)
(eZ‘/H _ 6+€Z/H)
+ (eZ'TH Z ¢ ) 82'-2), (10)

2Zu(Z Z’)—lez’/ﬂM@(z 7), (11
M 3 - H (CZI/H-—C..[_)Z - 3 ( )

where €4 = ¢/(1 + ¢). Examples are shown in Figure 4
to the right of P in each panel. Notice that Z3s varies
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Figure 4. Joint distribution, maximum path height
(MPH) distribution, and age spectrum in midlatitudes
(Z = 2H) for the nondiffusive detraining case with
W = 0.3 mm/s and @ = 0.5. (a) 7 = 0.5 year, (b)
7 = 1 year, and (¢) 7 = 2 years. In each panel the gray
scale contour plot is P, the plot below it is G, and the
plot to the right is Z. Contour levels for P decrease by
factors of 2 from black to white, for a total factor range
of 128. The dashed curves indicate the mean age and
mean maximum path height.

only weakly with 7 (via €) compared to the strong 7
dependence of G seen in Figure 3. 1 return to this in
section 4,

3.4. Advection, Detrainment, Diffusion

With vertical diffusion present in the TLP model, an-
alytic expressions for G and P are no longer available,
and the age spectra and joint distributions are com-
puted numerically. (However, Z may still be obtained
analytically; a quantity related to it is presented in Ap-
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pendix B.) Vertical diffusivities typical of observation-
ally based estimates, ~ 0.1 m?/s [Hall and Waugh,
1997b; Sparling et al., 1997; Mote et al., 1998], do not
change the picture qualitatively, although the advec-
tive singularities and step functions of the nondiffusive
distributions (Figures 3 and 4) are smoothed. Figure
5 repeats the age spectra shown in Figure 3, but now
with K = 0.5 m?/s in both the tropical and midlat-
itude regions, a value probably typical in many 2-D
and 3-D numerical models of total effective diffusion
due to resolved waves, explicit parameterization, and
numerical formulation. The resulting spectra are remi-
niscent of age spectra from 2-D and 3-D models [Hall
and Waugh, 1997a; Park et al., 1999]. Note that the
age spectral tail remains dominated by recirculation,
suggesting that much of the information provided by
analysis of the full TLP model is contained in the non-
diffusive TLP model, which is easier to treat analyti-
cally. Figure 6 shows Gy, Py, and Zpr (as in Figure
4) for 7 = 1 year and K = 0.5 m?/s.

3.5. Particle Calculations

The distributions G, P, and Z represent Eulerian
descriptions of Lagrangian path statistics. This type of
information and more can also be computed from di-
rect Lagrangian particle simulations [Schoeber! et al.,
2000; Eluszkiewicz et al., 2000]. Eulerian diagnostics,
however, have several advantages: (1) They implic-
itly incorporate all the mixing natural to the system;
(2) an Eulerian tracer completely samples all transport
paths, regardless of variations in background fluid den-
sity, whereas statistical convergence with Lagrangian
particles may require an enormous surplus of particles
in high-density regions in order to sample low-density
regions sufficiently. (For this reason, Fluszkiewicz et al.
[2000] did not include the troposphere in their 3-D
particle mean age simulations.) Nonetheless, the lan-
guage used to discuss the distributions (“paths” and
“transit times”) is the language of particles. Therefore
it is worthwhile verifying the interpretation of G, P,
and Z with direct particle statistics. I used the TLP
model to compute particle back-trajectories, account-
ing for the mixing between adjacent latitude regions
by providing a probability At/7 at each time step At
for a particle to switch regions. Figure 7 shows the
age spectrum and MPH distribution for the advective-
detraining case computed analytically, by numerical in-
tegration of equations (1) and (2), and by binning of La-
grangian particles by transit time and maximum path
height. The agreement is good, after allowing for statis-
tical fluctuations of the particle analysis and numerical
diffusion of the advection algorithm (second-order mo-
ments [Prather, 1986]). This confirms the Lagrangian
statistical interpretations of G, P, and Z.

3.6. Three-Dimensional Numerical Model

The TLP model is idealized. To help verify that in-
sights gained from it are relevant to the stratosphere, it
is worthwhile observing the distributions in a more real-
istic setting. Figure 8 shows the joint distribution, age
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Figure 5. As in Figure 3 but with K = 0.5 m?/s.

spectrum, and MPH distribution in the lower midlat-
itude stratosphere of a 3-D chemical transport model
(CTM) [Prather et al., 1987] driven by a repeated
year of wind data from the middle-atmosphere GCM
of the Goddard Institute for Space Studies. The low-
resolution version of the GCM is used here, having 21
layers, with 12 in the stratosphere and mesosphere, and
a horizontal resolution of 8° by 10° [Rind et al., 1988].
Evident in Figure 8 are oscillations due to seasonality
in transport that is not inciuded in the TLP model. In
addition, because the tropical upwelling in this GCM
is more rapid than the observationally based 0.3 mm/s
used for the TLP model in Figures 4 and 6, the slope
of the leading edge of the GCM joint distribution is
steeper. Overall, however, the morphology of the dis-
tributions are similar, lending credibility to the TLP-
based interpretations. Future studies are planned to
compare the joint and MPH distributions among differ-
ent GCMs.

4. Mean Age Maximum Path Height
Relationship

A feature revealed by this analysis is the very differ-
ent dependence of the age spectrum and the MPH dis-

tribution on rates of large-scale stratospheric transport
processes. Comparing the cases of slow mixing (Fig-
ure 4a) and rapid mixing (Figure 4c), one sees that the
midlatitude age spectrum is significantly “stretched” by
the mixing, while the MPH distribution has varied rel-
atively little (see also Figures 9a and 9b). To examine
and compare these different sensitivities in more detail,
it 1s useful to have measures that summarize the distri-
butions. The first moment, the mean age, is a natural
measure of G, as it may be inferred from observations.

For the TLP model with K = 0, it is

N/
PT(Z):(“F&:)W, (12)
€ 7 1 H

where oy = a/(1 4+ «). (See Appendix B for the case
with midlatitude vertical diffusion and Appendix C for
spatial variation in W. Also see Neu and Plumb [1999]
for more general expressions, including both midlati-
tude and tropical vertical diffusion, as well as differing
tropical and midlatitude tropopause height.)

Various measures of the MPH distribution are possi-
ble. In analogy to the mean age, the first moment of the
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Figure 6. As in the Figure 4b but with K = 0.5 m?/s.

MPH distribution is the “mean maximum path height”
Z = [, 2'2(Z,2")dZ'. For the advective-detraining
case with no diffusion,

Z|H
= — Z/H €

_ H Z/H 6Z/H
ZM(Z) =7 + 2:(6 —€+) In (m) s (15)

where ¢, = ¢/(1 + €). For ¢ = 0 (the nondetraining
limit), Zr = Z and Zy = Z + H, which are the
first moments of (7) and (8), respectively. Note that
the mean maximum path height is not the same as the
maximum height of the mean path defined by Schoeberl
et al. [2000]. Using a zonally averaged model, Schoe-
berl et al. [2000] computed the time-dependent center
of mass position of many particle back-trajectories to
the tropopause. The resulting mean path has a maxi-
mum height at a particular time, but most particles will
not have their individual maxima at that time. By con-
trast, the mean maximum path height, as defined here,
is the mean over each particle maximum, independent
of when the maximum was achieved. The mean maxi-
mum path height is always greater than the maximum
height of the mean path.
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Figure 8. Distributions P, Z, and G in the GISS 3-D
chemical transport model (CTM) at the height 22 km
and latitude 44°N. Contour levels as in Figure 4.

The mean MPH in midlatitudes is shown in Figures
4 and 6 for the TLP model with various values of 7. As
will be discussed below, Z depends only weakly on the
mixing timescale 7. Figure 9a shows the zonal-mean
annual-mean Z for the 3-D CTM. For example, at 22
km in the tropics, Z ~ 25 km, while at 22 km in high
latitudes, Z & 35 km. The zonal-mean Z countours dis-
play characteristics typical of stratospheric long-lived
tracers and are similar in orientation to this model’s
distribution of NoO and mean age [Hall and Prather,
1995]. Note that the midlatitude contour orientation is
not subject to analysis by the TLP model. (In the TLP
formulation, one assumes a midlatitude contour orien-
tation universal to long-lived tracers and uses these par-
allel contours as the 1-D coordinate [Plumb, 1996; Neu
and Plumb, 1999}.) The statements that follow about
relative sensitivities to transport rates of mean age and
mean MPH, based on the TLP model analysis, refer to
magnitudes and vertical structure of the quantities in
the midlatitudes and tropics. Vertical Z profiles for the
3-D CTM at the equator and 45°N are shown in Fig-
ure 9b and are qualitatively similar in their height de-
pendence to the TLP results (equations (14) and (15)),
having only a weak deviation from a slope of unity but
with a shift.

As an alternative measure of Z, one can consider
F(2,2") = [, 2(Z,2")dZ", the mass fraction of the
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computed analytically (dotted-dashed line), by numerical integration of the tropical leaky pipe
(TLP) equations (solid line), and by binning of Lagrangian particles (dashed line). (b) Z3r by

the same three methods.
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Figure 9. (a) Zonal-mean annual-mean contours of mean MPH for the 3-D CTM. Contours are
labeled in kilometers. (b) Vertical profiles at the equator (solid) and 45°N (dashed).

parcel at Z that has passed above Z’. (For example,
Z' = Z 4+ H would be a natural choice.) For the TLP
with K = 0, one finds, either directly from (1) and (2)
or from integration of (10) and (11),

Fr(2,2") it (16)
=€4
T 5 + eZ'/H—c+
Z|H _
n_ € €+
Fu(Z2,2") = ——_—_—ezl/H—E_i_. (17)

Comparison of I' and Z, or ' and F, reveals very
different sensitivities to the circulation parameters W,
¢, and «. First, Z and F are independent of «, the
measure of the relative size of the tropics. Second, Z
and F depend on W only through e = H/(tW), while
' depends separately on W and e. Thus in the nonde-
training limit (¢ = 0), Z and F are independent of W,
while I' varies as 1/W. Third, T increases linearly with
¢ (with an offset), and thus with no vertical diffusion, I'

diverges in the global diffuser (¢ = co) limit. (Vertical
diffusion keeps T finite in this limit; see Appendix B and
Neu and Plumb [1999].) In contrast, Zu and F are
only weakly sensitive to €. For Z = H, for example, Zm
ranges from Z + H to Z+40.8H as ¢ ranges 0 — oo. Zr
ranges from Z to Z+0.8 H, a larger fractional variation;
in the nondetraining limit, no air has traveled above the
parcel height in the tropics, so air from above the parcel
height due to detrainment represents a larger fractional
variation. Fuyr(Z,Z + H) ranges from 0.37 to 0.27 as ¢
ranges 0 — oo, while Fr(Z, Z + H) ranges from zero to
0.27. These sensitivities to ¢ are shown in Figure 10 .

That Z and F are independent of W in the nonde-
training limit can be understood by simple mass conti-
nuity. Increasing W correspondingly increases the trop-
ical divergence and the subsequent flux to midlatitudes.
Thus although the circulation rate increases and I' de-
creases, the mass fraction of any parcel that has been
above some specified height since last tropospheric con-
tact remains constant.
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Figure 10. Sensitivity to € in TLP. (a) Nondiffusive
Gur at Z = 2H for ¢ = 0 (solid line) and ¢ = 3.5
(dashed curve). (b) Nondiffusive Zpr at Z = 24 for
¢ = 0 (solid line) and € = 3.5 (dashed curve). (c¢) T'p
versus ¢ for no diffusion (solid line) and K = 0.1 m?/s
(dotted-dashed line). (d) F(2H|3H) versus ¢ for no
diffusion (solid line) and K = 0.1 m?/s (dotted-dashed
line). W =0.3 mm/sand o = 0.5.

The weak dependence of Zar and Far on the tropical-
midlatitude mixing, however, seems surprising at first
sight. One might expect that the more likely it is for
alr to recirculate, the more likely it is to sample the full
height of the stratosphere. In other words, naively, air
that is aged by mixing is air that has been more widely
dispersed. This is not the case, however. Physically,
the weak sensitivity to mixing can be understood by
considering a midlatitude air parcel as follows: If mix-
ing of air from midlatitudes to the tropics increases,
than more air is advected upward, ultimately returning
to the midlatitude parcel, and the parcel fraction that
has been aloft is apparently increased. However, the
net mass flux between the tropics and the midlatitudes
is constrained by continuity, so with increased mixing,
more tropical air must be transported directly out of the
tropics to the midlatitude parcel. This air would other-
wise have traveled at higher levels, and so the fraction of
the parcel that has been aloft is apparently decreased.
The two effects of mixing on the midlatitude parcel’s
MPH distribution oppose each other, and the net result
is only a weak dependence on the mixing rate.

These opposing influences are seen in the joint distri-
butions of Figure 4. With increasing mixing (decreasing
7), the MPH distribution at a given Z' is the sum over
an increasingly broad range of transit times due to recir-
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culation. However, this is compensated by an increas-
ingly attenuated contribution from the advective singu-
larity. The same argument holds for a tropical parcel.
However, whereas a midlatitude parcel has components
from aloft even in the nondetraining limit, tropical air
has components from aloft due solely to detrainment
(for no diffusion), and so the detrainment effect is rela-
tively larger. Compared to Z or F, the mean age T' is
not constrained by continuity in the same way, and in-
creased mixing results in recirculation that directly ages
the air in the tropics and midlatitudes. Note, however,
that the difference T'py — T'p is independent of mixing
(for no diffusion) [Neuw and Plumb, 1999] for reasons
similar to Z and P.

The different transport sensitivities go further. Mid-
latitude vertical diffusion can significantly decrease the
mean age, especially when tropical-midlatitude mixing
israpid. (As noted above, it is diffusion that keeps mean
age finite in the instantaneous mixing limit.) The MPH
distribution, on the other hand, is only weakly sensitive
to diffusion. F(Z,Z') and T'(Z) with detrainment and
midlatitude diffusion are presented in Appendix B. The
dashed curve in Figure 10 shows the variation of s
and Fy(Z,Z + H) with € for K = 0.1 m?/s. The Fy
curves are nearly indistinguishable from the nondiffu-
sive case, while the I'ys curves are noticeably different.
In fact, in a 1-D mass-weighted diffusion model with
uniform K, the MPH distribution is independent of K,
depending only on the scale height. (This can be seen
directly from the steady-state 1-D mass-weighted diffu-
sion equation with boundary conditions but no explicit
sources. K multiplies all the terms and simply drops
out.) Mean age for the 1-D model, in contrast, is in-
versely proportional to K [Hall and Plumb, 1994].

The diagnostics I' and F' are presented in Appendix
C for the nondiffusive advective-detraining case with
general spatial variation in W. F(Z, Z’) depends on W
only through the ratio W(0)/W{(Z'), so the geometry of
the upwelling has consequences for the MPH distribu-
tion, but the overall magnitude of the circulation does
not. By contrast, the mean age has terms proportional
to 1/W(Z) and fOZ dZ’'/W(Z'), and thus both the ge-
ometry and the magnitude are important.

5. Summary and Discussion

In this paper the age spectrum has been comple-
mented by the distribution of maximum path height
(MPH) in order to obtain information about the path
histories of components of a stratospheric air parcel.
Taken together, one has a joint distribution of maxi-
mum path height and transit time. Using these distri-
butions to analyze the tropical leaky pipe (TLP) model,
a model that represents the dominant large-scale trans-
port effects of the time-averaged stratospheric circula-
tion but is simple enough to allow easy physical insight,
I obtain relationships between timescales, path histo-
ries, and transport rates. The maximum path height of
an air parcel component (“particle”) varies much less
across different representations of the circulation than
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its transit time. The age spectrum and the mean age
are sensitive to rates of the model’s transport processes,
namely tropical upwelling, tropical-midlatitude mixing,
and vertical diffusion. By contrast, the MPH distribu-
tion is much more weakly sensitive to these processes,
especially in midlatitudes.

These differing sensitivities help to understand the re-
lationship between mean age and trace gases of known
tropospheric concentration and with rapid upper strato-
spheric photochemistry (e.g., NoO, CHy4, CFCs, Cl,).
Such gases are constrained from below and above, and
therefore their stratospheric concentrations cannot be
so sensitive to circulation as mean age, which is con-
strained below (I'(0) = 0) but not above. More con-
cretely, consider the conceptual limit in which a tracer’s
photochemical lifetime below some height Zpc¢ is long
compared to the longest transport timescale of inter-
est and short compared to the shortest timescale above
Zpc. A stratospheric air parcel below Zp¢ is composed
of a fraction F of particles that have traveled above Zp¢
since last tropospheric contact and a fraction 1 — F of
particles that have not. Particles in the 1 — F' fraction
have mixing ratios dependent on their transit times; the
photochemistry is slow along the paths of these parti-
cles, no particle’s tracer is completely depleted (or sat-
urated, in the case of a gas created in the stratosphere
by conversion from another gas of tropospheric origin),
and each particle’s mixing ratio simply declines (or in-
creases) with increasing photochemical exposure time.
In contrast, the particles in fraction F' that travel into
the rapid photochemistry region above Zpc are com-
pletely depleted (or saturated) of tracer, independent
of transit time. Nonetheless, if the probability that a
particle reached Zpc and the probability that it had a
particular transit time had similar sensitivities to trans-
port rates, then, combined with the close relation be-
tween mixing ratio and transit time for the lower 1 — F
fraction, the mixing ratio of the entire parcel (the ob-
servable quantity) would depend strongly on the par-
cel’s average transit time, the mean age. However, the
TLP analysis presented here indicates that the proba-
bility that a particle has passed above any given level is
much less sensitive to transport rates than is its transit
time; that is, the magnitude of F' is not a strong func-
tion of the mean age. Unlike mean age, the fraction
F is strongly constrained by mass continuity of strato-
spheric regions, and as a result, F' is less sensitive to
transport rates than mean age. This robustness pre-
vents gases of predominantly upper stratospheric pho-
tochemistry from varying across different realizations of
stratospheric circulation as much as mean age.

The fraction of an air parcel that has passed above a
given height Z’ increases rapidly with the height Z of
the parcel itself, as summarized by (16) and (17) for the
nondiffusive TLP model. Thus the relationship between
mean age and long-lived tracers of predominantly upper
stratospheric photochemistry should be correlated most
highly in the lower stratosphere. Consider NoO which
has a local photochemical lifetime greater than 50 years
in the tropics below 25 km and less than 0.5 year above
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35 km [Brasseur and Solomon, 1984]. A parcel well
below 35 km has only a small fraction from above 35
km, and one expects a high correlation between mean
age and N, O, as is seen in numerical experiments [Hall
et al., 1999; Lt and Waugh, 1999]. A parcel close to 35
km has a large fraction from above 35 km, and accord-
ing to the TLP analysis, the size of this fraction is not a
strong function of the parcel’s mean age. (Using expres-
sion (17) with H = 7km, W = 0.3 mm/s,and 7 = 1
year, so that € = 0.7, one has Fj;(20 km|35 km) = 0.1,
while Fpr(30 km|35 km) = 0.5, where a tropopause
height assumed at 16 km is first subtracted from Z and
Z'.) Thus one expects a weaker correlation between the
parcel’s mean age and its NoO mixing ratio over a range
of circulation realizations at the higher altitude.

I is not surprising that air well depleted (or satu-
rated) photochemically of a trace gas should display lit-
tle correlation between the trace gas mixing ratio and
the mean age. The new information provided by the
maximum path height analysis is that the size of the
fractional contribution of depleted (or saturated) air to
parcels in a region of slow photochemistry is also not
closely related to mean age. This observation may ul-
timately be a consideration in deciding what is a suf-
ficiently realistic mean age distribution for numerical
models to simulate accurately the chemical state of the
stratosphere. The wide range of mean age simulations
[Hall et al., 1999] and the sensitivity to numerical for-
mulations [Fluszkiewicz et al., 2000] suggest that mean
age is a difficult quantity to model accurately. Unlike
mean age, trace gases with rapid upper stratospheric
photochemistry are affected by how high air has been,
as well as the time air spends in the stratosphere, in
addition to the other factors that determine total pho-
tochemical exposure. Therefore according to the argu-
ments presented here, the distributions of these gases
should not be so sensitive to inaccuracies in simulated
transport as mean age. Generally, this differing sensi-
tivity will be more evident in the middle stratosphere
and above where contributions from depleted regions
are larger. In the lower stratosphere, Hall et al. [1999]
found, among the models they studied, a large variation
in NO, and Cly which was highly correlated with mean
age. Thus improvements in transport as diagnosed by
mean age are at present vital to improving the realism
of the chemical state of the lower stratosphere in these
models.

Appendix A: Age Spectrum for
Advection and Detrainment
For the TLP model with uniform advection and de-

trainment and no vertical diffusion the age spectrum
is

Gr(2,6) = eg% 1,(®) eZ/2H o=te/7 (¢ — 7/ W)

+ eZIPH T 56— 2 W), (A1)
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Gu(Z,6) = (; (@) + A b(@))
x eZMHetIT o — Z/W), (A2)
where
2
P = ;a+€ T,
Z 14+ 2c_ VA
A_2a+(1+€)HTQ <( 2C¥_ )5_ 20[+W> 3

72 £Z
— 2 A,
7= \/5 aW? + a W’

Z

te = ,
2a_W)

as(2+ D)€+

ar = aof(l*a), € = \/le+1))e, e = H/WT, I, is
the modified Bessel function of the order of n, © is the
Heaviside function, and § is the Dirac delta function.

Appendix B: Mean Age and Mass
Fraction for Advection, Detrainment,
and Midlatitude Diffusion

For the TLP model with uniform advection, detrain-
ment, and finite midlatitude vertical diffusion (but no
tropical diffusion) the mean age is

Z
- —h—(l +a—r)(1—e %M
nWw ’

+ i1+ a)
YW

- SR

(B1)

Tu(2) =Tr(2) + -77%(1 +a—k)(1—e2"), (B2)

as adapted from New and Plumb [1999]. The mass frac-
tion of a parcel at Z that passed above 7' is

77eZ/I:{ + K:e_Z/h _ ﬁ
neZ'lH — ¢ ae~2'1h — ¢, 3’

Fr(Z,7') = ¢4 (B3)

neZlH — ¢ ke 2" — ¢, B
ne?'1H — e, qe=2'1h — ¢, 3’

Fu(2,2') = (B4)

where f=¢k+a—k,n=¢cx+a, k= K/(WH), e =
e/(e+1), e = H/(Wr), and h = kH /7 is the thickness
of the diffusive boundary layer above the midlatitude

tropopause. The MPI distribution may be obtained as
Z(Z2,2") = -0F[8Z".
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Appendix C: Spatial Variation in W

For the TLP model with spatially varying advection,
uniform ¢ (detrainment to entrainment ratio), and no
diffusion the mean age is

Z 4z e (% d7'
O = ) Wyt e b W@
€ 1 1
Z(W(Z)“W) 7o (c
1 H
FM(Z) = FT(Z) + a W (02)

New and Plumb [1999] derived (C2) and discussed the
independence of I'yy — I'r from ¢. The mass fraction of
a parcel at Z that passed above 7' is

N W(2)eEH 1
FT(Z,Z)—€+ ’LZ)(Z’)@Z//H—€+’ (03)
~ Z/H _

Fu(2,2) = w(Z)e + (C4)

W(ZNeZTH — ¢,

where W(Z) = W(0)/W(Z) and e; =¢/(e+1).
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